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Abstract

Today when nuclear data codes use my SIGMA1l Doppteadening
method, generally we expect excellent agreementvdest the results
produced by various nuclear data processing codlgpically we see
agreement to within roughly 0.1%, which is muchtérethan the accuracy to
which we actually know the cross sections, i.egQadening does not
significantly increase the uncertainty in the cresstions. So it may raise
concern when code users see large differences tm=arresolved —
unresolved resonance region energy boundary.

Today we see this difference between the resultslymed by various
nuclear data processing codes, because in prin@pleof the codes
mentioned here use my SIGMA1l method, but this neethas been
significantly updated since | originally publishigdand each code may use a
slightly different form of the method.

In this paper | explain the source of these difiees and what various codes
actually do today. Most important | hope to reasstade users that although
| would personally prefer that all processing codes the most current
version of my SIGMA1 method, in terms of integrdfeets on overall
system parameters we expect little or no macroscefpect, and code users
should not be overly concerned by such differences.

Introduction

My SIGMAL1 method of Doppler broadening [1, 2] adsked the problem of
Doppler broadening cross sections that are talllaaed linearly
interpolable between tabulated values; startingnftbese tabulated cross
sections in principle the SIGMAl1l method producesacex Doppler
broadened cross sections.

This method was developed to be applied to taldilatess sections in the
ENDF format [3]. The method is used in many nucldata processing
codes [4, 5, 6]. The method has been in use foostl40 years, and by now
it has become the standard method for Doppler lemag throughout the
World.



Since its ORIGINAL definition [1, 2] the SIGMA1l method has been
significantly improved based primarily on many hteabs of man-years of
experience by many code users throughout the Wortatently documented
the CURRENT SIGMA1 method in the Handbook of Nuclear Enginegrin
[7] as used in my PREPRO codes [4]. Here | prowmbee information and
examples of the use of the SIGMA1 method with eatiduns that include an
unresolved resonance region [3].

A Brief Review of Doppler broadening

We Doppler broaden cross sections to account fertlilermal motion of
target nuclei, that can change the relative spe&dd®n our projectile (e.g.,

a neutron) and target nuclei (e.g., U235), whicangjes the reaction rates in
our systems. We Doppler broaden starting from knovass sections at a
temperature Tlg(E,T1), and define cross sections at a higher temperature
T2,0(E,T2). Using speed (V), rather than energy (E), theagqn to solve

IS,

1/2?

VoV, T2)= Vi (%) [Vro(Vr, TD)VrdVr x

0

{Expl - BV -Vr) °}- Expl- BV +Vr) T} [1]
g=—"1

2K(T2-T))

It can be easily shown [2] that this is merely riegral form of the diffusion
equation in spherical coordinates (velocity spacefere the variable
becoming “smooth” is the reaction rate [speed timesss sectiony *
o(E,T2)]. The SIGMA1 method of Doppler broadening assunted the
initial cross sectiong(E,T1), is defined by tabulated, linearly interpolable
cross sections. With this assumption in princigle Doppler broadening
equation can be “exactly” solved with no furtheswsptions.



Starting Cross Sections

One driving force behind developing the SIGMA1 noettwas the fact that
at the time a number of codes had already beenlapme to produce

tabulated, linearly interpolable cross sectionsthe ENDF format. To

complement this “cold” data | wanted to develop etlmd to produce “hot”

(Doppler broadened) data, also in the ENDF formathat our codes could
use it exactly as they used “cold” data.

These codes started from a combination of origmtdbulated data and
added any resonance contribution, to in principledpce data over the
entire energy range, in exactly the form neededhpst to the SIGMAL
method; SIGMAL1 could start from this “cold” datat (&1) and produce
Doppler broadened cross sections (at T2), and outp results in the
ENDF format. | sayin principle, because what was overlooked in the
ORIGINAL SIGMA1l method is that in the unresolvedsoaance region
(URR) the “cold” data output by these codes arell&bd, infinitely dilute
“average” values. By definition infinitely diluteaVverages” are temperature
INDEPENDENT. So that Doppler broadening should wobange these
values. However, the ORIGINAL SIGMA1l method treati tabulated
“averages” as if they wereenergy dependentvalues, and Doppler
broadened them. The CURRENT SIGMAL1 corrects thablem; explaining
this point and the effects that it has is the pnmaurpose of this paper.

Explanation of Figures

In the appendix | include figures to illustrate #féect on cross sections near
the unresolved resonance region (URR) boundarieg) ube CURRENT
versus the ORIGINAL SIGMA1 method. All of the figes were produced
using the CURRENT SIGMA1l code (part of PREPRO 201lthe
CURRENT code has an option to treat the unresohlestnance region
using either the CURRENT or ORIGINAL method.

There are a variety of differences between the ORME SIGMAL
method, circa 1972, and the CURRENT method, bigtitnportant that the
reader understand that the differences in the dgjumcluded in this report
are ONLY due to the treatment of the URR. Todaydhmay be other
sources of differences between the results prodgedrious codes, due to
differences in the version of SIGMAl they use, aegllwas other
approximations they may use. | judge that tryingctwver all of these



differences is beyond the scope of this paper,hsb here | only cover
differences due to the handling of the unresohesbmance region (URR);
this is the source of differences most obvious whiercompare code results.

The Effect of Doppler Broadening

Since Doppler broadening can affect the reactidesran our system it is

very important to accurately account for tempemtependent effects. For
cross sections that include resonances the effaat extend to higher

energies than you might think. . For example, #solved resonance region
of ENDF/B-VII U235 extends up to 2.25 keV, and @238 up to 20 keV.

In the appendix | compare “cold”, 0 Kelvin, and 6ra temperature”, 293.6
Kelvin, cross sections for U235 and U238. The feguin the appendix

illustrate that even “room temperature”, 293.6 KOg5H3 eV, roughly 1/40

eV) has a significant effect on the energy dependesss sections well into
the keV energy range.

All of the figures in the appendix include comparns of total, elastic,
capture and fission cross sections. The upper twas of each plot
compares cross sections, and the lower third df @t shows the ratio of
the cross sections.

Fig. 1 and 2 compar®235 0 K and 293.6 K cross sections near the
resolved — unresolved resonance region bounday2&tkeV. Fig 1 covers
the energy range 2.20 to 2.26 keV, to give us w\iéa broader range of
energies and resonances. Fig 2 covers the narremergy range 2.24 to
2.26, to give us a more detailed view near the Rdbinterface.

Similarly, Fig. 5 and 6 compatd238 0 K and 293.6 K cross sections near
the resolved — unresolved resonance region bounaal30 keV. Fig 5
covers the energy range 19.6 to 20.1 keV, to gve wiew of a broader
range of energies and resonances. Fig 6 coversdiiewer energy range
19.9to 20.1, to give us a more detailed view tiea22 keV interface.

The important point to note fa¥235 (figs. 1 and 2), ant)238 (figs. 5 and
6), is the strong effect that Doppler broadenings; haven room
temperature drastically changes the cross sectionsell into the keV
energy range this effect is particularly obvious for the nasracapture
resonances shown in these figures.



Solution: Where the SIGMA1 Method Works

The SIGMAl1 method is designed to start from taladat linearly
interpolable cross section. These can be obtaimedh fcurrent ENDF
formatted [3] evaluations, by first processing tinginal evaluation to make
all tabulated cross section linearly interpolalaleg by adding the resonance
parameter contribution; the result is tabulatededrly interpolable cross
sections.

The SIGMAl1 method starts from tabulated, lineanhterpolated cross
sections and the cross sections included in evahgtare only tabulated
over a finite energy range; for ENDF/B evaluatiansst cross sections

extend from a lower energy of 10eV up to at least 20 MeV. The Doppler
broadening equation involves an integral over Alrlergies. Therefore to
use the SIGMA1 method over this entire energy ramgelefine the reaction
rate [speed times cross sectiant g(E)] outside of the tabulated energy
range to be constant, equal to its value at theestdabulated, energy
dependent energy. Since this is an important cdarieeme restate it: Below

-5 ,
10 eV down to zero energy we extend the reaction fates(E)] as

constant, equal to its value at?OeV; similarly above 20 MeV up to

infinity we define the reaction rate | ¢(E)] to be constant, equal to its
value at 20 MeV.

One point to understand: in my brief summary of plep broadening |

mentioned that the Doppler broadening equation tthiothe reaction rate
[speed times cross sectionx g(E)]. My decision to extend the reaction
rate as constant outside the tabulated energy m@intje cross section is to
minimize end effects; at low energy this is patacly important, because it
insures that 1/v cross sections (constant reactair) is temperature
dependent.

Today many processing codes [4, 5, 6] use this aggbr to prepare

temperature dependent tabulated cross sectiorlatésruse in applications.

This approach is straight forward for cross sedtidhat are originally

tabulated using linear or non-linear interpolatiand/or resolved resonance
parameters.



Problem: Where the SIGMA1 Method does not Work

The problem is that in the unresolved resonancemgty RR), by definition,
we do not know the energy dependent cross sectiamsnly know average
values and the distribution of cross sectigks such the SIGMA1 method
should not be applied to the unresolved resonancegion.

In a recent paper | discussed the problem of ctamglg defining the
average cross sectidNISIDE the unresolved resonance region [8], using
methods that are appropriate for use in the URReBan that paper we
now have general agreement between major datagsiogecodes [4, 5, 6];
so that we now consider that problem to be solizetime stress this point:
today we feel that the problem INSIDE the URR has &en solved [8],
and here we need only be concerned with cross sects OUTSIDE, and
near the boundaries of the URR.

In this paper | discuss how to define the energyeddent cross section
OUTSIDE of, but near the unresolved resonance region. [Bopp
broadening involves solving an integral equatioheme in order to define
the cross section at any energy, E, we MUST détinll” cross sections at
all energies. In principle this integral extendsnfr zero energy to infinite
energy. In practice contributions to the integedlly only extends over an
energy interval near the energy E; it extends Hm#low and above the
energy E.

What's the Solution?

The ORIGINAL SIGMA1 method [1, 2] did not consider the averagess
sections in the unresolved resonance region (@tecethem as tabulated,
energy dependent data), so that once we extendddhhblated data down to
zero energy and up down infinity we could procesdbppler broaden all
cross sections over the entire energy range. Shmeeross sections in the
unresolved region amveragevalues, rather thaenergy dependentvalues
needed by the SIGMA1 method, this was not correct.

The CURRENT SIGMAl1 method [4, 7] more correctly treats the
unresolved resonance region by,

1) Copying the infinitely dilute average values withite URR without
change; this relies on the definition of the irtigty dilute average as



being temperature independent. This allows subsgqrecessing to
correctly include self-shielding in the unresolvedion [7].

2) Extending the tabulated, linearly interpolable gyedependent data
outside the unresolved region into the unresolegibn as a constant
reaction rate [speed times cross section;g(E)], exactly in the
same manner as the original method extended tlzeclaside of its
tabulated range. As explained above, extendingré¢hetion rate as
constant equal to its tabulated value OUTSIDE thRRUwill
minimize changes near the boundary.

WARNING - Often at the resolved — unresolved boupndaere will

be a discontinuity in the cross section, with aeetpd energy exactly
at the boundary; one value corresponds to thetdhstiated energy
dependentcross sectio®UTSIDE the URR, and the second value
corresponds to the firstveragevalueINSIDE the URR. Remember
that the SIGMA1 method can only be used with taiedaenergy
dependent cross sections. So it is important whdending the
reaction rate to use the tabulated vadTSIDE, not the average
value INSIDE the URR. See figs. 1 through 8 to appreciate the
enormous differences that can exist between thesedlues.

When we compare the results using ORIGINAL and CURRENT
SIGMA1 methods, this naturally leads to differenaeghe cross sections
near the boundaries of the unresolved resonanaareg

Differences between ORIGINAL and CURRENT SIGMA1

To illustrate the differences in the results in #moendix | show results for
U235 andU238 using the SIGMAL1 metho@URRENT (URR) treatment)
andORIGINAL (No URR) treatment. In each case | show resul¢s tree
resolved — unresolved region boundary.

Fig. 3 and 4 compar&/235 CURRENT (URR) andORIGINAL (No
URR) cross sections near the resolved — unresofesdnance region
boundary at 2.25 keV. Fig 3 covers the energy r&hgé to 2.26 keV, to
give us a view of a broader range of energies aadmrances. Fig 4 covers
the narrower energy range 2.24 to 2.26, to giva o®re detailed view near
the 2.25 keV interface.
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Similarly, Fig. 7 and 8 compat¢238 CURRENT (URR) andORIGINAL
(No URR) cross sections near the resolved — unredalesonance region
boundary at 20 keV. Fig 7 covers the energy rargyé tb 20.1 keV, to give
us a view of a broader range of energies and resesalFig 8 covers the
narrower energy range 19.9 to 20.1, to give us eerdetailed view near the
22 keV interface.

The first point to note is that tt@URRENT method minimizes changes in
the reaction rate near the interface, wherea®©RESINAL method results
in large changes. This is because almost all etrahsaend their resolved
resonance region in a minimum between resonanoethas extending the
reaction rate based on the last tabulated energendient cross section
OUTSIDE into the URR, results in smooth changes with teafoee. In
contrast th@ORIGINAL method uses the average poiNSIDE the URR,
which makes it appear that there is a continuoursgsof strong resonances
immediately adjacent to the resolved region. Tlsaltas an abrupt increase
in the cross section juUTSIDE the URR and a decrease in the cross
section jusiNSIDE the URR; this effect can be seen most easilygs.
and 8.

The most important point to note from Figs. 3, 4aid 8, is that the two
results are in excellent agreement over most of rés®lved resonance
region, and differ only over a relatively small emerange near the resolved
— unresolved resonance region interface. Nearrtesface the differences
can be enormous, but only over such small energges that we expect
little effect on the overall integral system parsens.

Conclusion

Today when nuclear data codes use my SIGMA1l Doppteadening
method [1, 2], generally we expect excellent agesgnbetween the results
produced by various nuclear data processing cdgled, [5]. Typically we
see agreement to within roughly 0.1%, which is mimiter than the
accuracy to which we actually know the cross sastiae., broadening does
not significantly increase the uncertainty in thress sections. So it may
raise concern when code users see large differemeas the resolved —
unresolved resonance region energy boundary.

Today we see this difference between the resultslymed by various
nuclear data processing codes, because in prin@pleof the codes
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mentioned here use my SIGMA1l method, but this nekthas been

significantly updated since | originally publish#dand each code may use
a slightly different form of the method. Here isbaef summary, so that
users can understand what they should expect ealeh c

1) PREPRO [3] uses what | called tG&/RRENT method.
2) NJOY [4] uses a mix dDRIGINAL andCURRENT method.
3) AMPX [5] uses what | call th®RIGINAL method.

NJOY [4] uses a mix in the sense that it usesQRIGINAL method to
ignore the unresolved region and Doppler broadenetitire energy range.
But it then uses th€ URRENT method by replacing the energy points
within the unresolved region by the original averagnfinitely dilute,
unbroadened cross sections. As a result the PRE®RIONJOY results
agreeINSIDE the unresolved region and differ ofBUTSIDE near the
resolved — unresolved resonance region boundaryornirast the PREPRO
and AMPX results differ botHNSIDE and OUTSIDE the unresolved
region as shown in figs. 3, 4, 7 and 8.

In this paper | explain the source of these difiees and what various codes
actually do today [3, 4, 5]. Most important | hapereassure code users that
although | would personally prefer that all prosegscodes use the most
current version of my SIGMA1l method, in terms ofegral effects on
overall system parameters we expect little or n@roscopic effect, and
code users should not be overly concerned by siffelnathces.
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Fig. 1: U235 cross sections, “cold”, 0 K, and “roomtemperature”, 293.6 K
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Fig. 2: U235 cross sections, “cold”, 0 K, and “roontemperature”, 293.6 K
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Fig. 3: U235 cross sections, with and without unredved resonance region (URR)
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Fig. 4: U235 cross sections, with and without unredved resonance region (URR)

SES- 1-26

0s2'2

(Asy) £3ssug quaprou]

Sve'2

ove’a

180

1e1

| wun /uun oy

PP
orye T oTyEy

xaN oin
Poa [oseau] PaiToEEy
% 28°22 Ol £9'L2- UOI}P9F SS0X)
sEz- 0-26 (4u) __
SEZ- N-26 (A=)) £8ueuy ueprou] z
052’2 cv2's ovz 2
= 00
-
| wan /uun on

oy
iR

oA [0B9IT]]

poL[oeay

% 0¥2'F Ol 2B81°'2—  UoIj0ag ssol)

SE2- 1-26

213S®IE

8228 LVR

|

(sureq) uoljosg ssoId

o138y

(suzeq) worjosg ssoa)

(4=¥) 4Basug juspiou]

Sve’'e

ove'e

180

ja't

[wun /uun o

IR YICIETT
X, oI
FeaTossTn 2| e
% 66°Tg Ol 29" 1y—  UOI}I09g SSOL)
SES- N-26 UOISS1 4 8226 LVR
o8- N-26 (Ae¥) £Baoug juepiou] .
0se' e gre'e ove'g
o1
O
| wun /uan o b

M enw eI
oy Tarey
xs) i

PoAoEwg

% £¥3'8 Ol 60 91—  UO3095 SS0I)

GES- N-26

18310L

8226 LVR

o1y3Ey

(suteq) uoljoag ss01)

o13ey

(sureq) uorjosg ssoa)

17



Fig. 5: U238 cross sections, “cold”, 0 K, and “roontemperature”, 293.6 K
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Fig. 6: U238 cross sections, “cold”, 0 K, and “rom temperature”, 293.6 K
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Fig. 7: U238 cross sections, with and without unredved resonance region (URR)
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Fig. 8: U238 cross sections, with and without unre$ved resonance region (URR)
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